• Despite the many descriptions and discussions regarding the devastating consequences of invasive plant species, few quantitative data exist that measure the ecological/environmental impacts of most invasive plants • When impacts are measured, ecologists are limited by the inability to integrate various metrics into a single element, which precludes meaningful inter-and intraspecific comparisons • We propose a novel quantitative mathematical framework that integrates all impact metrics as a function of groundcover and spatial extent • Our framework permits objective comparisons of invasiveness (impactfulness), thereby fostering a better understanding of invasive plant species (and populations) and their influence on the environment and human health (eg Lanciotti et al. 1999) impacts given that the metrics are more straightforward (dollars and human lives) and the consequences are important and easily understood by the public, in addition to being much easier to quantify or estimate. A marked difference exists between the ecological and policy communities in defining invasive species (Richardson et al. 2000; NISC 2005 ). In stark contrast to the federal definition above, the "ecological" definition of invasive is based on the process of invasion, particularly spread and establishment potential (Richardson et al. 2000) . In this context, there is no implicit consequence of the introduced species like that in the policy definition; rather, the species must simply be capable of dispersal and establishment (Davis 2009 ). Paradoxically, despite this "ecological" definition, ecologists frequently cite invasive species as threatening biodiversity, ecosystem function and services, and global economies, all of which are impacts. This leads to the question: how useful is this definition of spread? In an attempt to identify whether the definition of invasive should include impact or not, Ricciardi and Cohen (2007) quantified "invasiveness" as a function of rate of establishment/spread and a categorical assignment of invader impacts to native species. The authors performed correlation analyses between these factors for plants, mammals, amphibians, reptiles, and fish and found no relationship; thus, they concluded that the definition should not connote impact (Ricciardi and Cohen 2007) . As will become apparent, the authors focused only on a single impact metric and used a semi-subjective categorical assignment of impact. These limitations may seriously confound the actual impact of a species, resulting in broad but incorrect conclusions. And frankly, if there is no impact, who cares?
The argument about "impact" has taken center stage as we move beyond the need for the labels "native" and "exotic" (non-native). Davis et al. (2011) argued that the evolutionarily arbitrary designation of native or exotic distracts from the underlying importance of the consequences associated with the presence of a species. "Impacts" are overwhelmingly characterized as negative when the target species is introduced, often without the context of eventual consequence (eg increased sediment loading to a stream) or the broader ecosystem. In some cases, the impacts of native species are deemed negative (Simberloff et al. 2012) , further reducing the relevance of the terms native/exotic. A global assessment of invasive plant impacts found broad evidence of change in various metrics, but noted that the direction of this change (whether positive or negative) can make interpretation difficult (Pyšek et al. 2012) . Furthermore, when a change (ie impact) is measured, how do we assess its importance? All species have a measurable impact on some aspect of the receiving habitat (eg change in species richness, alteration of litter quantity/quality), which complicates the argument for a (single) impact-based framework for evaluating species (or populations). This is not to undermine the very real consequences of some invasions. Rather, a distinction should be made between the presence of a "benign, low impact" population and a "high impact" population. However, there is currently no mechanism for identifying this "tipping point" (Figure 1 ). We can always measure some difference in the invaded community, even if only a single individual is represented (eg an increase in species richness), which complicates the quantification of the true impact to the receiving community. In fact, Pyšek and Hulme (2009) stated that the discipline of invasion biology will suffer until "we have a better framework for understanding the impacts of invasive species". Clearly, the discipline has struggled with terminological confusion and methodological limitations.
n Invasive plant impacts
The catalog of ecological (environmental) impacts from invasive plants is long, relatively well recorded, and considered as evidence for ranking invasive species as one of the "big five" environmental issues of the 21st century (Sala et al. 2000) . As described above, the impacts of interest fall into the broad categories of economics, human/animal health, and environment (we will use environmental and ecological impact interchangeably). It is the ecological impacts that are the most difficult to quantify, integrate, and rank ( (Thiele et al. 2010 and references therein). Indeed, the first paper in the first issue of the journal Biological Invasions (Parker et al. 1999) outlined a proposed mathematical model to calculate the ecological impact of a species on a geographic scale:
where the impact (I) is a function of the range size of the species (R, spatial extent of the invaded range of the entire species in square meters), average abundance per unit area across that range (A, number or biomass per square meter), and the per capita effect (E). Despite the authors' call for a "need to be able to distinguish invaders with minor effects from those with large effects" (Parker et al. 1999) , this model has not been widely adopted, with only one instance of it being used to our knowledge (giant hogweed effect on native plant richness; Thiele et al. 2010) .
Although it is helpful to organize and (potentially) rank species, all of the existing impact frameworks suffer from common drawbacks (see Table 2 for a list of assorted frameworks). First, several of the frameworks are qualitative and require categorization of various impact metrics into groups (eg "weak", "moderate", "strong"; Olenin et al. 2007 ). This has the obvious disadvantage of not being quantitative, thereby introducing subjectivity based on the user's biases and interpretations of available information, which can often be quite limited. Second, several of the frameworks are designed to quantify impact on a per capita basis (eg Parker et al. 1999) , which simplifies extrapolation to any population size, yet precludes the ability to compare impact values among species that vary in size. Is it meaningful to compare the large perennial grass Arundo donax to the small annual grass Microstegium vimineum on a per capita basis? Finally, and most importantly, the quantitative frameworks (Parker et al. 1999; Ricciardi 2003 ) are relegated to a single impact metric (eg native species richness, nitrogen [N] pool, litter decomposition). Single impact metric systems may be appropriate when specific ecosystem functions are more highly valued than others (eg water quality). Yet this overlooks the larger context of the consequences of invaders, which in reality is a combination of impacts with small, large, and neutral effects. In fact, Hulme et al. (2013) pointed out that most impact studies record only a few metrics, further evidence that ecologists are unable to assess the broader context of the effect of invasive species on ecosystem structure and function.
The various single-metric quantitative and multi-metric qualitative frameworks have their advantages and disadvantages, but none are capable of integrating several (let alone all) metrics of interest into a single quantitative framework. At first glance this may seem to be a trivial limitation, but we believe that invasion ecology will languish in the realm of subjectivity and bias in the absence of such a framework.
n The "impact cliff" -a novel integrative framework Our search for an integrative quantitative framework was driven by several factors: (1) the gaps in existing data and methods to quantify impact; (2) an attempt to create a framework to distinguish benign populations/species from invasive populations/species and "identify" thresholds in the relationship between extent of invasion and impacts ( Figure 1) ; (3) the proposal of a new method of functionally integrating metrics, designed to allow (4) inter-and intraspecific comparisons in a meaningful way and to serve as (5) a valuable tool for invasion ecology and management because it allows comparisons among impacts of populations/species, and can be used to identify thresholds. This presents several challenges, given that the number of potential impact metrics of interest is large (Table 1 ) and the units are extremely variable (eg richness = number of species, carbon [C] pool = mass per unit volume). As Parker et al. (1999) pointed out, the way "to combine such lists of metrics into a single number representing impact is not at all obvious". Although they did not address this challenge, Parker et al. (1999) suggested that impact should be assessed at the individual level (ie per capita), which would then be multiplied by density and range size to get a single impact value. As noted above, this imposes limitations when attempting to make interspecific comparisons with large size discrepancies. Furthermore, in situ quantification on a per capita basis would require averaging a metric at a given density, because measuring at the individual level is impractical. Therefore, depending on the density in which the measurement was taken, the per capita effect (E in Equation 1) could vary dramatically. For example, if an E of 10 was recorded at 10 individuals per square meter (ie total impact of 100 divided by 10 individuals in 1 m 2 ), it is unlikely that the same per capita effect would occur if those same 10 individuals occurred over 100 m 2 . There certainly exists a density-dependent effect, which is overlooked when considering per capita effects (eg Angeloni et al. 2006) . Additionally, a survey of the existing impact studies reveals that density or percentage groundcover (hereafter referred to as coverage) is almost universally ignored (see also Table 1 ).
To account for density dependence, we argue that impact metrics should be recorded as a function of percent groundcover, which largely resolves the issue of comparing species of different sizes. It does not matter how many individuals are present; only their effect at each level of groundcover is of importance. Thus, even if the cover-impact relationship varies within species among ecosystems, our framework can accommodate this where previous frameworks could not. There are several methods of assessing plant coverage, but we suggest using a relative coverage system (cover ≤ 100%) that does not utilize categories (eg not the Braun-Blanquet system). Limitations still exist when cover is used as a common metric to compare among species of very different sizes (eg A donax and M vimineum), but coverage remains superior to per capita assessments. The most meaningful comparisons would therefore be among species of relatively similar sizes. Each impact metric would be recorded at a given coverage value that is then compared relative to the mean value of an uninvaded reference site, which is as similar as possible in all biotic and abiotic characteristics (ie ideally only the presence of the invader varies between the sites). Functionally, we would represent this as:
where q i,k (c) is the value of the kth impact metric in the ith quadrat (q) in the invaded area at invader coverage (c), and n _ k is the mean of the kth metric in the uninvaded habitat. There are m possible quadrats, the number of which may vary as a function of coverage (c). Therefore, Δ k (c) is the mean difference of the kth metric caused by the invasive species at a given percent groundcover (c). By taking the absolute value of this relative difference for each metric, we avoid the issue of metrics with opposing signs (+/-) canceling each other out. It would not make ecological sense, for example, if soil moisture was +0.75 and N pool was -0.75 and they canceled out. Thus, taking the absolute value and using a geometric mean (see Equation 3 ) avoids several potential issues associated with an integrative metric. Previously we were limited by the variation in units among impact metrics, but Δ k (c) now translates all metrics into the common unit of percent difference. The Δ k (c) function is calculated for each population, which may have variation in the impact metrics in the uninvaded plots simply by where the populations occur spatially. Making "paired" comparisons between the invaded area and the adjacent uninvaded area nicely controls for this. The frequency distribution of Δ k (c) may vary for each impact metric, as well as by invader coverage. This stresses that Δ k (c) and E(c) are calculated at each level of coverage in the range available to understand these dynamics, which of course may not always include all values between 0 and 100 (see below for a discussion of this point).
Now that Δ k (c) has been calculated for each k metric at the relevant coverage levels, they must be combined to create the integrated impact metric E(c):
where K is the total number of impact metrics recorded. The rooted product is taken to cover the range of Δ k (c) ≥ 0. As structured, there exists a theoretical "total ecosystem impact", or "real impact", of the invading population that represents the collective impact if all possible metrics were measured (Figure 2 ). This hypothetical total ecosystem impact is analogous to the population mean if one could sample every person's height, thus representing the true average height of humans. The total ecosystem impact must obviously be estimated by measuring a sample of the population, thereby serving as an estimate of the true mean (discussed below in relation to the impact cliff). This presents a new standard in invasion ecology, because it suggests that a total ecological impact value exists -not something that can be seen in situ, rather something that can be approximated. Working within this framework liberates us from the orthodox dogma of chasing single (or a few) ecological changes and provides a working model of integration. 
E n The impact of impact metrics
The existence of a total ecosystem impact belies the manner in which we currently conduct invasion science. Traditionally, we choose an impact metric of interest, locate a study population, and record a difference (Hulme et al. 2013) . This is exemplified in the recent global assessment of invasive plant impacts that demonstrated broad patterns of ecological impacts (Pyšek et al. 2012) . The vast majority of these studies do not account for what density, coverage, or population size the impact was recorded. As discussed above, the identity of the metric chosen, its associated Δ k (c) distribution, and the variance as a function of invader coverage will dramatically influence the conclusions drawn. To demonstrate this, we collected impact data from several studies that met the requirements for the impact function (ie the impact metric must be collected at a range of coverage values) (Maerz et al. 2005; Angeloni et al. 2006) . We ran simulations of the invasion cliff function to include the 12 unique impact metrics from these studies (Figure 3) . The simulations included a random selection of these metrics over eight iterations, spanning between one and all 12 metrics (Figure 3) , which resulted in eight unique surfaces, all of which approach the same value (total ecosystem impact) as more metrics are added (Figure 2 ). This demonstrates that when a single metric is measured, or even when a few metrics are measured, the results are highly variable. However, as more and more metrics are added, the surface approaches the total ecosystem impact value, just as measuring more people's height approaches the true height population mean. The obvious question then becomes, "how many metrics do I need to measure?" This integrated framework allows us to estimate the minimum number of impact metrics that would have to be measured to achieve the desired approximation of E(c) (Figure 2) . The current limitation to more accurate approximations of E(c) is knowing the distribution of Δ k (c). Non-parametric methods like bootstrapping or jackknifing could be used to estimate the variance of E(c), but our simulations suggest that a balance between known limitations/assumptions and sampling effort is between 10 and 20 metrics. Measuring five metrics reduced variability of E(c) by 50%, while variation declined by 75% with 10-20 metrics (although variation continued to decline slowly beyond that; Figure 2) . n Will the "real" impact please stand up?
Once the relationships between each impact metric and level of coverage have been identified, we can calculate E(c), and subsequently the total population impact I(c):
where E(c) is calculated as shown in Equation 3 and R is the population range size (ie spatial extent of the population under study) in square meters (sensu Parker et al. 1999) . Thus, I(c) describes the collective impact of each spatially unique invasive population. Functionally, interspecific comparisons could be made at the population level within a target geography using I(c), which has obvious advantages as a management prioritization schema. The three-dimensional representation of I(c) results in the "impact cliff", the shape of which varies based on the integration of E(c) across coverage and range size. The analogy can be drawn between the impact cliff and the population growth curve (Figure 1) , where both have a "cliff" or "tipping point" from benign low impact introduction to impactful invader. The impact cliff adds a new dimension to this classic concept.
To demonstrate the utility of the impact cliff surface, we simulated a hypothetical low and high impact species (Figure 4 ). This simulation shows that the two species have similar impacts at relatively low levels of coverage, but that they diverge greatly in impact as cover increases. The low impact species varies little across all levels of coverage, suggesting it has very little effect on the ecosystems where it occurs. In contrast, the effects of the high impact species increase with coverage, which grows proportionally with the size of the invasion. Thus, if the low impact species is deemed to have an acceptably low ecological impact, then populations of the high impact species in areas with low levels (Angeloni et al. 2006) , as well as percent coverage of native vegetation and frog (Rana clamitans) mass (Maerz et al. 2005) .
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© The Ecological Society of America of coverage would be considered low impact, and could therefore occur before the tipping point is reached. However, as coverage and range size increase, this species reaches a critical point after which impacts increase rapidly. This tipping point may serve as the defining stage at which that species "becomes invasive". In reality, most populations will not represent the full range of coverage levels expressed in the impact cliff (0-100%). For example, most native species will not occur at very high coverage levels (Figure 4 , green lines), which would require creation of experimentally produced high coverage levels. The utility of artificially created high levels of coverage by a particular species and evaluating impact is questionable but may provide insight into how the species would behave if not limited by herbivory, competition, etc. For instance, the understory annual invasive grass M vimineum ranges from 0-100% coverage in eastern US forests, whereas the ecologically similar native species Leersia virginica rarely exceeds 20% coverage (DR Tekiela pers comm). An impact comparison between populations of these species could be performed at low coverage levels where both occur (eg solid red and green lines in Figure  4) . A more relevant comparison would be conducted at the in situ population coverage and size of each species (red line and dashed green line in Figure 4 ), which provides a realistic interspecific comparison.
Another interesting comparison could be made between native and introduced populations of the same species. This biogeographical comparison would provide insight into whether the impact has changed following introduction to novel ecosystems. In addition, if specieslevel comparisons are of interest, the population impact (I) values could be calculated across the range of the species: I 1 , I 2 , I 3 , and so on. The summation of these values would result in a single species impact score. While feasible, the usefulness of this species-level metric is questionable, given that it is populations that are of greatest interest -it is populations of species that are invasive, not the entirety of the species.
n Challenges There are several limitations to the practical application of the impact cliff framework. One of these limitations is the lack of existing quantitative impact data in general, but, more specifically, impact data as a function of coverage. This precludes conducting impact cliff evaluations using existing data, as we had to cobble together several studies to run our simulations. Here, therefore, we are making a call for studies designed to address ecological impacts as a function of coverage across a range of metrics.
The impact cliff framework does not weight impact metrics based on subjective importance; all impacts are equally important. We anticipate that many will argue with our interpretation that, for example, the effect on native species diversity, soil C pools, litter depth, and soil moisture availability (as examples) are equally important. Just as we have parceled ecosystem functions into specific ecosystem services based on anthropogenic demands, ecologists have ranked several impacts -such as native species diversity and soil nutrient pools -as inherently more important than others (Pyšek et al. 2012) . However, there is no empirical reason to weight some metrics as more important than others, and weighting would inherently introduce subjectivity, which we are attempting to remove from the assessment of ecological impacts. Furthermore, different species or populations may have different impacts on various parameters, which can only be meaningfully compared when integrated (as we propose) with coverage-based estimators, which are novel and flexible. That said, our framework is flexible enough to accommodate integration of any set of metrics, whether they be subjectively chosen or not. Individual metrics of interest could also be compared through the use of the impact cliff. Because we cannot actually measure all possible impact metrics, we must choose to measure a subset thereof, which have historically been chosen based on researcher bias (Hulme et al. 2013 ). Yet, by choosing to measure certain metrics and not others we are making subjective decisions regarding their importance to ecosystem function (or the ease with which they can be measured). There may also be issues of colinearity among metrics, which may influence the integrated impact cliff and should be investigated as we move away from limited metric evaluations. Thus, as a scientific discipline, we should identify a common set of independent metrics that would allow a generalizable accounting of invasive plant impacts on the entire ecosystem.
n Conclusions
The impact cliff and associated parameters provide a novel integrative framework to account for all impact metrics of interest; this framework explicitly addresses density dependence and the diversity of metric units. This framework better addresses total ecosystem impacts, allows for intra-and interspecific comparisons, and is a first step toward identifying when species pass the tipping point from benign introduction to impactful invader. Importantly, this could also serve as a useful prioritization tool for invasive plant management.
